Abstract The structural relaxation of three compositional series of PbO-WO 3 -P 2 O 5 glasses with composition (0.5 -x/2) PbOÁxWO 3 Á(0.5 -x/2)P 2 O 5 , x = 0, 0.1, 0.2, 0.3, 0.4, and 0.5; 0.5PbOÁxWO 3 Á(0.5 -x)P 2 O 5 , x = 0, 0.1, 0.2, and 0.3; and (0.5 -x)PbOÁxWO 3 Á0.5P 2 O 5 , x = 0, 0.1, 0.2, 0.3, 0.4, and 0.5 was studied by thermomechanical analysis. The structural relaxation was studied in the transformation region using the Tool-Narayanaswamy-Moynihan's and Tool-Narayanaswamy-Mazurin's models. The relaxation function of Kohlrausch Williams and Watts was used. The parameters of both models were calculated by nonlinear regression analysis of thermodilatometric curves measured by thermomechanical analyzer under the constant load. Both models very well describe the experimental data. It was found that the modulus is increasing with increasing amount of WO 3 in all glasses. On the contrary, the width of the spectrum of relaxation times is decreasing with increasing amount of WO 3 in all studied glasses. Both models possess the values of metastable melt thermal expansion coefficient equal to their experimental value.
Introduction
Phosphate glasses containing tungsten oxide made a special group known for their electrochromic and photochromic properties resulting in a wide range of applications. Their specific properties include larger thermal expansion coefficient, smaller viscosity and softening temperatures than silicate glasses [1] [2] [3] [4] [5] [6] [7] [8] [9] [10] [11] . Despite the importance of these glasses, their properties, namely the temperature and compositional dependence of viscosity and structural relaxation, were not studied to an appropriate extent [12] . This study is therefore devoted to the structural relaxation of phosphate glasses, which we understand to be the time-dependent response of the glass structure, characterized by the Tool's structural temperature, during the temperature change in the temperature range near the glass transition temperature (T g ) [13] [14] [15] . The kinetics of structural relaxation is commonly described by Tool-Narayanaswamy-Moynihan's (TNMo) or Tool-Narayanaswamy-Mazurin's (TNMa) models [14, 16] . Both models are based on the concept of Tool's fictive temperature [17] . The method of thermomechanical analysis, in which simultaneously with the relaxation of the glass structure, the viscous flow under the applied constant axial load takes place, [18, 19] is used in the present study. The aim of the study consists in evaluation of the compositional dependence of parameters of both relaxation models. Moreover, the suitability of using TNMa and TNMo relaxation models will be compared.
Theoretical part
In the case of inclusion of viscous flow, the timetemperature dependence of the relative sample deformation, i.e., the strain e, is expressed [18, 19] by: where l is the sample length (l 0 is the initial sample length), T i is thermodynamic temperature at the time t i (i = 1,2; t 1 \ t 2 ), r is the axial stress, g (T, T f ) is the dynamic viscosity at thermodynamic temperature T and Tool's fictive temperature T f , a g (a m ) is the linear thermal expansion coefficients of glass (metastable melt) defined by:
and
The relaxation part of the Eq. (1), i.e., the time-temperature dependence of T f , is represented by the ToolNarayanaswamy's relaxation model [13] [14] [15] [20] [21] [22] , which implies the superposition of relaxation of elementary temperature jumps followed by isothermal holds.
The distribution of relaxation times is most commonly expressed by the empirical Kohlrausch Williams and Watts (KWW) function [23] :
corresponding to a continuous distribution of relaxation times with a width determined by the parameter b (0 \ b B 1). The relaxation time, s, is also a function of both the fictive and thermodynamic temperature. The problem of non-linearity is solved by introducing dimensionless time:
and consequently
where the modulus K is a material constant. Then the Tool-Narayanaswamy's relaxation model acquires the form:
This viscosity structural and temperature dependence is expressed by Mazurin [19, 22] :
where A, B, and T 0 are constants of Vogel-Fulcher-Tammann (VFT) equation for equilibrium viscosity temperature dependence. This approach combines the VFT viscosity equation with temperature-dependent viscous flow activation energy for the metastable equilibrium melt (i.e., for T f = T) with the Andrade equation with temperature-independent viscous flow activation energy for the isostructural glass (i.e., for T f = const.) with the T f dependent viscous flow activation energy, E 6 ¼ g , given by:
The Mazurin's approach is in harmony with the huge amount of viscosity experimental data obtained during decades mainly for silicate glasses [12] . The alternative approach to the Mazurin's one is the Moynihan's expression for relaxation time dependence on temperature and fictive temperature [13] :
where R is the molar gas constant, and A 0 , x (0 \ x \ 1), and Dh* (Dh* [ 0) are the parameters. By using Moynihan's relation for the relaxation time, the viscosity is calculated from the relationship [14, 16] :
The Eq. (8) is formally equivalent to Andrade's equation. The most important feature that is contradictory to common experimental praxis resides in the temperature-independent value of the viscous flow activation energy, Dh * , of the metastable equilibrium melt. This can be, however, accepted for limited temperature range, which is obviously the case of experimental study of structural relaxation. On the other hand, the structure-independent (i.e., T f independent) value of viscous flow activation energy given by xDh * is used for the isostructural glass. The difference between the viscosity values for different glass structures is represented by constant shift of the whole viscosity curve, i.e.:
Thus, it is worth noting that the TNMa and TNMo represent two principally different physical models. The structure of the studied glasses with the composition given by
x, y C 0) can be viewed in terms of the network-modifying function of PbO and network-forming function of P 2 O 5 . The phosphate network can be described by the distribution (equilibrium molar amounts) of Q i species, where
i-3 with i bridging oxygen atoms. Because of the absence of experimental structural data, we developed a very simple (may be oversimplified) structural model based on the assumption that PbO predominantly reacts with WO 3 forming the PbWO 4 . Only the unreacted part of PbO acts as the network modifier of the phosphate network. Thus the glass consists of: Q i structural units (only Q 3 and Q 2 units have to be considered due to the stoichiometry of studied glasses), WO 3 , and PbWO 4 . The equilibrium molar amounts, n(i), of individual glass components, i, canthen be calculated according to:
After that, the reactions between the rest of PbO (i.e., xn(PBWO 4 )) and P 2 O 5 can take place:
Due to the fact that for the studied glass compositions
holds, the following results are straightforwardly obtained:
Experimental Three compositional series were studied in the present study:
Compositions and abbreviations of glass samples are summarized in Table 1 . Studied glasses were prepared from high purity raw materials by slow heating of the reaction mixture up to 600°C to remove water. Subsequently, the mixture was heated up to (900-1,300)°C in platinum crucible. After achieving the maximum temperature, 20 min treatment and mixing at this temperature followed. Then, the melt was cooled by pouring into a graphite mold of (50 9 50 9 5) mm 3 dimensions to form a prismatic glass block. The obtained glasses were annealed for 1 h at a temperature about their T g and then slowly cooled down to the room temperature. The amorphous character of the obtained glasses was checked by X-ray diffraction [24] .
Prismatic glass samples with approximate dimensions of (5 9 5 9 20) mm 3 were prepared by cutting and grinding (MTH KOMPAKT 1031). The thermodilatometric curves were recorded by the thermomechanical analyzer (NET-ZSCH TMA 402) under the constant axial load. The heating/cooling rate of 5°C min -1 was applied. The nonlinear regression analysis of experimental data was performed by the own FORTRAN computer code based on the minimization (by the simplex method followed by the pit mapping) of the sum of squares of deviations between measured and calculated sample length.
The low temperature viscosity (10 8.5 -10 11.5 dPa s) was measured by the vertical thermomechanical analyzer (Netzsch TMA 402) on prismatic samples under a constant load. The isothermal rate of axial deformation of the sample was used for the determination of viscosity.
The thermal expansion coefficients of the glass, a g , and of the metastable melt, a m , were calculated from the first temperature derivative of the cooling dilatometric curve. The a g value was obtained from the low temperature plateau of the derivative curve, while the a m value was obtained from the maximum value reached in the high temperature part due to the decay of the viscous flow that was the prevailing effect at the highest temperatures.
Results and discussion
The sum of squares of differences between the calculated and measured values of relative deformation was minimized by the regression analysis. For both models, the values of the exponent b, the modulus K, and the thermal expansion coefficient of the isostructural glass a m were optimized. Moreover, the log g 0 , and the A and B constants of the VFT viscosity equation were optimized in case of the TNMa model. In case of the TNMo model, the additional optimized parameters were the A 0 and Dh* constants and the dimensionless coefficient x.
The results of regression analysis treatment are summarized in Tables 2, 3 , and 4 and in Figs. 1, 2, 3, 4 , 5, and 6. These results can be compared and at least partially explained by the structural insight into particular compositional series. The most important structural features induced by increasing of the WO 3 content can be found in Figs. 7, 8 , and 9. Based on a graphic comparison, it can be stated that both models describe the obtained experimental data very well. A more detailed statistical analysis of the obtained results ( Table 2) shows, that the substitution WO 3 for PbO-P 2 O 5 causes the decrease of the parameter b in both models; hence, the width of relaxation times distribution is increasing. The parameter log(K/dPa) obtained for both considered models shows no clear trend with the degree of substitution. The average value obtained for TNMo model 
B-series
Here, the overall amount of PO 4 network decreases more rapidly than in the A series. The degree of phosphate crosslinking is held constant-only the ''chain'' Q 2 units are present. Lead oxide is ''shifted'' from phosphate to tungstate salt like units; thus, the amount of PbWO 4 increases and no ''pure'' WO 3 emerges in this system. Also in case of B compositional series, both models describe the experimental data with sufficient and practically equivalent accuracy. The width of relaxation times increases with WO 3 addition. The numerical values of the b parameter are within the standard deviation which is the same for both models. The TNMo model shows no clear trend of the x parameter. The maximum value is observed for the B20 glass-thus for this glass, the influence of thermodynamic temperature (the kinetic energy factor) is comparable with the influence of the Tool's fictive temperature (the glass structure factor). For other B-glasses, the x value is less than 0.3 (0.29 and 0.23, respectively); thus the role of the structure changes with temperature is dominating for these glasses. Obviously, this has to be combined with the compositional dependence of Dh * . The kinetic factor corresponding to the product x Dh * , in fact, increases in the B series (67. 4, 127.8, 98.6) , and the structural factor corresponding to the product (1-x)Dh obtained for both models, the better agreement with values obtained by independent thermodilatometric experiment is observed for the TNMo model.
C-series
The overall amount (Q 2 ? Q 3 ) of PO 4 network is constant and the degree of crosslinking increases (Q 2 is transformed on Q 3 ) in the last studied compositional series. Lead oxide is ''shifted'' from phosphate to tungstate salt like units, thus the amount of PbWO 4 increases up to C20. Starting with C30, all PbO is exhausted and the amount of the (crosslinked) ''pure'' WO 3 increases. Also in this case, both models describe the experimental data with sufficient and practically equivalent accuracy. The width of relaxation time distribution, i.e., the b value, does not significantly change with the WO 3 addition. This fact can be attributed to the constant amount of the sum (Q 2 ? Q 3 ) of PO 4 structural units. In contrast, this amount was decreasing with the WO 3 addition in the A and B compositional series. The numerical values of the b parameter are within the standard deviation which is the same for both models. Overall increasing of the x value is observed for the TNMo model. Due to the small changes in the activation enthalpy Dh * , the same trend is observed for both the kinetic part and structural part of viscous flow activation energy. The obtained values of thermal expansion of metastable glass agree very well with the values obtained by independent experiment. In case of the TNMa model, the discrepancies within 10 % are observed.
Obviously, all three compositional series start with the same pure metaphosphate (i.e., Q 2 ) composition, i.e., formally A00 = B00 = C00. Unfortunately due to the unavoidable crystallization during the thermomechanical experiment, no reliable data were obtained for this composition.
Conclusions
The structural relaxation of PbO-WO 3 -P 2 O 5 glasses was experimentally studied using non-isothermal thermomechanical analysis. The process was described by the TNMo and TNMa relaxation models. The parameters of both models were determined by the nonlinear regression analysis of experimental data. The results of regression treatment show that TNMo and TNMa realistically describe the structural relaxation of the glasses studied. These are confirmed by low values of the standard deviation of approximation that is on the level of experimental error as well as by the relatively high values of Fisher's statistics. Both models give identical values of the thermal expansion coefficient of metastable equilibrium melt for all the studied glasses. These values are within experimental error identical with the values obtained by independent thermodilatometric experiments. The parameter log(K/dPa) obtained for both considered models shows no clear trend with the degree of substitution for the studied glasses. The width of relaxation times A -series increases with WO 3 addition for the A and B series. In case of the TNMo model, the coefficient x increases with the degree of substitution for A series and C series, and this parameter shows no clear trend for the B series.
